Background: Data are limited regarding the effectiveness of omalizumab in patients with eosinophilic granulomatosis with polyangiitis (EGPA). Our aim was to evaluate the clinical and functional effectiveness of omalizumab in patients with EGPA in long-term follow-up. Methods: This study was a retrospective chart review of patients with EGPA who were treated with omalizumab injections between May 2012 and April 2018. Once treatment with omalizumab was started, data were collected at various time points: baseline, the 16th week, 1st year, and annually until the last evaluation. Results: Eighteen patients (16F/2M) with a mean age of 48.61 ± 11.94 years were included. Data were available for all patients for the first year, 12 patients for the second year, 10 patients for the third year, 8 patients for the fourth year and 5 patients for the fifth year. All patients were on mean dosage of 15.77 ± 7.6 mg/day oral corticosteroid (OCS) as daily bases for mean 8.61 ± 4 years besides high-dose inhaler corticosteroid/long-acting beta agonist. Antineutrophil cytoplasmic antibodies (ANCA) were positive in 2 patients, and 8 patients were diagnosed as having vasculitis by skin biopsy, one patient had polyneuropathy, and one patient had cardiac involvement. By considering the individual responses of patients and the level of improvement at the last evalulation, 10 (55.6%) patients responded completely, 1 responded partially, and 7 (38.9%) had no improvement. Omalizumab worked as a steroid-sparing agent in all patients and the daily OCS dose was reduced with a mean dosage of 6.28 mg/day at the end of the first year. The mean OCS reduction time for the whole group was 4 months. A reduction in asthma exacerbations/hospitalizations, improvement in forced expiratory volume in 1 second, and no decrease in the eosinophil count during treatment with omalizumab were also observed. Conclusions: Omalizumab improved asthma control in some patients with EGPA with uncontrolled asthma by reducing asthma exacerbations and oral steroid requirement. However, more data are needed before recommending widespread use of omalizumab in patients with EGPA.
Background
Eosinophilic granulomatosis with polyangiitis (EGPA), formerly known as Churg-Strauss syndrome (CSS), is a rare systemic, small-to-medium vessel vasculitis associated with asthma, sinusitis, blood and tissue eosinophilia [1] .
Conventional treatment of EGPA consisted of high doses of systemic steroids; however, for patients with severe or refractory diseases, immunosuppressive therapies including cyclophosphamide, azathioprine, intravenous immunglobulin (IVIG) are indicated [2] . Currently, an anti-interleukin (IL)-5 biologic agent, mepolizumab, has produced glucocorticoid reduction and protocol-defined remission in fifty perecent of patients with EGPA and has been approved by the United States Food and Drug Administration (FDA) in relapsing/refractory EGPA [2, 3] .
Omalizumab, as an immunoglobulin (Ig)-E targeting biologic agent, has been demonstrated to be clearly effective in the treatment of patients with severe allergic asthma [4] . Omalizumab has also been reported to benefit patients with many different conditions such as allergic bronchopulmonary aspergillosis (ABPA), chronic urticaria, atopic dermatitis, and food allergy [5] . Besides blockage of free IgE, omalizumab reduces the recruitment and activation of eosinophils and other inflammatory cells to the inflammation site through the inhibition of Th2-type immune response [6, 7] . Considering the efficacy of omalizumab in the reduction of circulating and tissue eosinophils, the drug has also been given to patients with EGPA in off-label conditions, but experience is limited and even conflicting [8] [9] [10] . In the first reported case, a three-month administration of omalizumab to a patient with EGPA resulted in significant improvement of asthma and a marked decrease in the eosinophil count [8] . A recent multicenter study with seventeen patients with EGPA suggested that omalizumab might have a corticosteroid-sparing effect in patients with EGPA with asthma and/or sinusitis, but reducing the corticosteroid dose might also increase the risk of severe EGPA flares, which raises the question of the safety of omalizumab in patients with EGPA [11] . At an established allergy and clinical immunology referral center located in the capital city of Turkey, we have been using omalizumab since 2008 for patients with severe allergic asthma [12] . We recently reported our experience with omalizumab for patients with severe non-allergic asthma and ABPA [13, 14] . We have also prescribed the drug off-label in patients with EGPA whose asthma was uncontrolled despite receiving optimal treatment including long-term systemic steroids. Therefore, considering the limited experience in such cases, we aimed to evaluate the clinical and functional effectiveness of omalizumab in patients with EGPA in real-life settings.
Methods

Study design
The study was conducted as a retrospective chart review of patients with EGPA who were treated with omalizumab between May 2012 and April 2018 in Ankara University, School of Medicine, Department of Chest Diseases, Division of Clinical Immunology and Allergy. The charts were reviewed by three physicians. Details of the evaluation, time points at which the assessments were conducted, and the number of patients are given in a flowchart (Fig. 1) . The local ethics committee of Ankara University, School of Medicine, approved the study (Approval number: 07-453-18) and written informed consent was obtained from all subjects.
Subjects
The diagnosis of asthma was made by using the clinical history and by demonstrating objective measures of reversible airway obstruction. In the diagnosis of EGPA, the criteria defined by the American College of Rheumatology (ACR) were used [15] . Accordingly, the diagnosis of EGPA is based on the presence of four or more of the following six findings at the time of the diagnosis: asthma, > 10% eosinophilia in a differential white blood cell count, mononeuropathy or polyneuropathy due to a systemic vasculitis, paranasal sinus abnormalities, migratory or transient pulmonary opacities, and histologic evidence of extravascular eosinophils in a biopsy specimen.
Patients with EGPA with at least 2 asthma exacerbations despite high-dose inhaled corticosteroid/long-acting beta agonist (ICS/LABA) treatment, and frequent or continuous oral corticosteroid (OCS) requirement with severe adverse effects were considered as candidates for omalizumab treatment. The omalizumab (Xolair, Genentech, Novartis, Sweden) dose was calculated from the chart according to the patients' total IgE level and weight. Twelve patients received 150 mg omalizumab/ month(m), 3 patients recieved 300 mg/m, 1 had 600 mg/ m, one received 450 mg every 2 weeks (w), and 1 had 150 mg/2w; no dosing adjustments were made during the treatment period. Fourteen patients were still continuing omalizumab treatment and under regular follow-up in our department; 5 of whom use azathioprine as an add-on treatment. For 4 patients (patient # 2, 3, 14, 17) outside of these 14, omalizumab was discontiuned because of pregnancy (n = 1), gastric metaplasia (n = 2), and myalgia (n = 1), respectively.
Measurements
Demographic features and clinical characteristics were recorded from the patients' files. An asthma control test (ACT) and pulmonary function tests (PFT) (ZAN 100; nSpire, Oberthulba, Germany) (forced expiratory volume in 1 s [FEV1], forced vital capacity [FVC] and FEV1: FVC ratio) were routinely performed in all patients at every omalizumab visit. ICS doses were calculated as beclomethasone dipropionate (BDP), chlorofluorocarbon equivalent according to the Global Initiative for Asthma guidelines [16] . All patients were taking methylprednisolone as an OCS continuously and the doses given at the time points were calculated as a mean daily value.
Outcomes
After treatment with omalizumab was started, data including PFTs, ACT scores, eosinophil count/percentage, and medications (OCS, ICS, LABA, and other controllers) for asthma were collected at baseline, the sixteenth week, first year, and annually thereafter. Outcome measurements are detailed in Fig. 1 . The number of asthma exacerbations and hospitalizations for 1 year prior to omalizumab and yearly after starting omalizumab were also recorded.
The effectiveness of omalizumab treatment was determined according to asthma symptoms, decreases in mean daily OCS dosage and/or doses of ICS, LABA, and improvements in PFTs, decreases in asthma exacerbations, and in emergency visits and hospitalizations, which were assessed by at least 3 physicians who were all authors of this manuscript. Patients were classified as complete responders, partial responders, and refractory disease. Complete response was defined as the absence of asthma and/or ear, nose, and throat (ENT) exacerbations with a prednisone dosage of ≤7.5 mg/day, and partial response was defined as the absence of asthma and/ or ENT exacerbations with a prednisone dosage of > 7.5 mg/day. Refractory disease was defined as the absence of improvement with omalizumab, i.e., presence of asthma and/or ENT exacerbations with a prednisone dosage of 7.5 mg/day. Relapsing disease was defined as initial improvement with complete response or partial response followed by disease flare. These definitions were formulated according to the recommendations of the EGPA Task Force and EULAR experts and approved for use in routine clinical practice [11] . 
Statistical analysis
The statistical analysis was performed using SPSS version 20.0 (SPSS Inc., Chicago, IL, USA 
Results
Demographics and diseases characteristics
Eighteen patients (16 women and 2 men) with a mean age of 48.61 ± 11.94 years were included. Patients were followed up regularly and had complete healthcare coverage. Data were available for all patients for the first year, 12 patients for the second year, 10 patients for the third year, eight patients for the fourth year, and 5 patients for the fifth year. The mean EGPA duration was 7.4 ± 4.3 years and the mean elapsed time between the diagnosis of asthma and diagnosis of EGPA was 8.5 ± 8.3 years. All patients were on high-dose ICS (min: 1000 μg BDP/ day, max: 2000 μg, BDP/day) plus LABA and OCS. The baseline demographic findings and clinical characteristics of each subject in the study group are shown in Table 1 . All patients in the study group used OCS as methylprednisolone at a mean dosage of 15.77 ± 7.6 mg/day (min: 4 mg/day, max: 60 mg/day) with a mean period of 8.61 ± 4 years (min: 4 years, max: 18 years). Nearly half of the patients were atopic (44.8%), 83.3% had sinusitis, and 33.3% had nasal polyposis. ANCA was only positive in 2 patients (patients #6, 11), and 8 patients (#3, 5, 9, 10, 12, 13, 14, 18) were diagnosed as having vasculitis via skin biopsy. Patient #15 had polyneuropathy and patient #17 had cardiac involvement.
The most frequently observed radiologic sign in patients with EGPA consisted of transient and often migratory ground-glass lung opacities [17] , and these were seen in 72% (n = 13) of the patients in our group. Other relatively common findings were the presence of airway involvement consisting of bronchial dilatation, bronchial wall thickening, and small peribronchial and centrilobular nodules related to eosinophilic infiltration of the bronchial wall and asthma [17] , and these were seen in 11% (n = 2), 55.5% (n = 10), and 33.3% (n = 6) of patients, respectively.
Assessment of treatment response
In general, considering the individual responses of the patients and the level of improvement at the last evalulation; 10 patients (55.6%) responded completely, one patient responded partially, and seven patients (38.9%) had no improvement. Approximately one-third of the patients received another immunosuppressive agent in addition to prednisone. The individual and the mean OCS dosage were significantly decreased at all time points and prednisone dosages were able to be tapered from a mean of 15.7 mg/day to 8.05 mg/day after 4 months (p = 0.001), to 6.28 mg/day at the first year (p < 0.0001) (n = 18). The dosages continued at this level for the second year of the study, p = 0.001 (n = 12), and then tapered again to 5.8 mg/day, 4.7 mg/day, and 4.9 mg/day at the end of the third p = 0.002 (n = 10), 4th p < 0.0001 (n = 8), and the fifth years p = 0.03 (n = 5) (Figs. 2 and 3) . Only in one patient, OCS was discontinued after omalizumab therapy. The mean OCS reduction time for the entire group was 4 months (min 4, max 36 months).
The mean ACT score was increased at all timepoints compared with the baseline score (p = 0.03 for sixteenth week, n = 18; p = 0.07 for first year, n = 18; p = 0.05 for second year, n = 12; p = 0.15 for 3rd third year, n = 10; p = 0.01 for fourth year, n = 8; p = 0.06 for fifth year, n = 5).
The baseline exacerbation rate was 3.56 ± 2.33 times per year (range, 1-10), and the hospitalization rate was 1.61 ± 1.72 times per year (range, 0-6) for 1 year prior to omalizumab, and both were significantly decreased at the first year (n = 18; p < 0.0001, p = 0.005), second year (n = 12; p = 0.01, p = 0.009), third year (n = 10; p = 0.006, p = 0.001), fourth year (n = 8; p = 0.03, p = 0.01), and fifth year (n = 5; p = 0.01, p = 0.04) (Fig. 4a, b) .
According to the pulmonary function parameters, a significant increase in FEV1%, mL was observed only at the sixteenth week and first year vs. baseline in the entire group (p = 0.01, p = 0.08, p = 0.004, p = 0.01, respectively).
Total eosinophil numbers at the diagnosis of EGPA were higher in the non-responder group than in responder patients, although it did not reach statistical significance (5564 ± 5454 cells/mm 3 vs. 3747 ± 2897 cells/ mm 3 ). Eosinophil numbers decreased among responders when we compared the data between the basal numbers of eosinophil and those of the first, second, and third year of follow-up (584 ± 304 cells/mm 3 Patients #6-7-12 also used ≤7.5 mg/day OCS dosages and had controlled disease without exacerbations or hospitalizations in last year of the omalizumab treatment but all had exacerbations and/or hospitalizations at some of the time points. Other patients had no exacerbations and hospitalizations after omalizumab was started and their ACT scores were increased at all time points. Patient #4's OCS was stopped at the fourth year but was then started again at 4 mg/day dosage according to the elevation in eosinophil count. Patients #5, 12 and 18 had vasculitis. Patient #18's OCS was stopped after omalizumab was started, but azathioprine was added becouse of vasculitis exacerbation in the first year of omalizumab treatment. Patient #10 was considered a partial responder without exacerbation and hospitalization in the last year but they provided this response with under > 7.5 mg/day prednisolone dosage.
Patients #2, 3, 9, 11, 13, 14, and 16 were considered as non-responders. They all had exacerbations and/or hospitalizations (except patient #13) at all time points. In patient #13, disease control was provided nearly 2 years after beginning omalizumab treatment but she had 2 exacerbations in the fifth year of the therapy. Her OCS dose was changed between 7 and 4 mg/day dosages. These patients (except #2, 11, and 16), had vasculitis in the skin biopsies, and patient #11 had ANCA positivity. Patients #9 and 14 were under a high dosage of OCS (10 mg/day, 8 mg/day, respectively) and add-on azathioprine treatment. Patient 16 also took azathioprine as add-on to a 5.7 mg/day OCS dosage. Patient #2 had one exacerbation under a 7 mg/day prednisolone dosage but omalizumab was not continued because of pregnancy at the end of 15 months. Patient #3 had two exacerbations and one hospitalization under 4 mg/day OCS but omalizumab was not continued because of gastric metaplasia.
In the comparison of responders and non-responders, patients with complete response had shorter asthma and EGPA disease duration but had been taking omalizumab for longer than the non-responder patients (15.4 ± 7.1 vs. 17.71 ± 10.6 years; 6.8 ± 3.2 vs. 8.3 ± 6 years; 42.6 ± 19 vs. 28.57 ± 18.37 months, respectively). They had lower C-reactive protein (CRP) and sedimentation levels and lower eosinophil percentages than the patients with no response (2.2 ± 3.2 vs. 5.1 ± 5.9; 12.3 ± 7 vs. 19.7 ± 10; 29.1 ± 12.7% vs. 33 ± 16% respectively). Moreover, non-responder patients were using OCS for longer than the patients with complete response (10.4 ± 5.4 years vs. 7.3 ± 2.4 years). In non-responders, the number of patients diagnosed as having vasculitis was higher than among complete responders [4/7 (57%), 3/10 (30%), respectively]; all these data were statistically insignificant. Except for 3 cases, omalizumab was well tolerated and no serious adverse events were observed. In patient #3 and patient #14, omalizumab was discontinued because of gastric metaplasia at 18 and 15 months after initiation, respectively. Patient #17 developed myalgia; EGPA involvement was excluded after neurologic and electromyographic examination, thus this was accepted as an adverse event and omalizumab was stopped at 17 months after initiation.
Discussion
Our case series demonstrated that treatment with omalizumab in some patients with EGPA was effective in improving asthma symptoms and reducing OCS requirement, along with reducing asthma exacerbations and hospitalizations. There was also an improvement in functional parameters measured using FEV 1 . Therapeutic response appeared to be independent of asthma and EGPA diseases duration, duration of omalizumab OCS use, having vasculitis, CRP levels, sedimentation levels, and eosinophil numbers, but we could not analyze which patient characteristics would predict omalizumab responsiveness due to the small number of patients.
EGPA is presently defined as a syndrome consisting of 3 components; hypereosinophilic syndrome, ANCA-associated vasculitic manifestations, and asthma/ rhinosinusitis. Eosinophils are abundant and sustained both in the blood and in tissue and possibly play a central and/or additional role in the development of EGPA. Asthma and rhinosinusitis are the main features of the disease and almost all patients with EGPA have a history of nasal involvement and late-onset asthma [2, 18, 19] . As it was pointed out in the current study, the 3 components of EGPA may require separate approaches for their management because persistent eosinophilic inflammation in the upper and lower airways has been documented in patients with EGPA, although they were receiving low-dose oral corticosteroids and immunomodulating drugs and were in remission from systemic manifestations of the disease [1, 20] .
Given the antiallergic and anti-inflammatory effectiveness of omalizumab, including the reduction of circulating and tissue eosinophils, it was proposed that omalizumab could be used to decrease eosinophilic activity resulting in asthma control in patients with EGPA [6, 7, 18] . Hovewer, there are limited data in single case reports/case series regarding the efficacy of omalizumab in patients with EGPA [8, 9, [21] [22] [23] . In the first case, the same group presented 3 months' and 1 years' administration of omalizumab. The patient showed significant improvement of asthma symptoms and a marked improvement in eosinophilia in both time periods [8, 22, 23] . Later, in the first documented pediatric case with EGPA, omalizumab treatment was demonstrated to control asthma as well as gastrointestinal symptoms [9] . There are recent data from a multicenter retrospective study including 17 patients with EGPA who received omalizumab as adjunctive therapy for refractory and/or relapsing asthmatic and/or sinonasal manifestations. After a median follow-up of 22 months, 6 (35%) patients achieved a complete response, 5 patients (30%) achieved a partial response, and 6 patients (35%) had no improvement based on the defined response criteria [11] . The median prednisone dosage decreased from 16 mg/day to 10 mg/day after 3 months of therapy and this reduction continued during the 12 months of follow-up whereas no significant difference was noted for the eosinophil count. Similarly, the number of asthma exacerbations also decreased, and the FEV 1 value increased. The authors concluded that in EGPA patients with asthmatic and/or sinonasal manifestations, omalizumab had mild Fig. 4 
efficacy for the treatment of asthma and/or ENT symptoms [11] . Our data were quite similar to the results reported in that study in terms of responder and non-responder rates, reductions in mean dosage of daily OCS, reductions in asthma exacerbations, improvements in FEV1, and no decrease in eosinophil counts in whole group. However, we observed a tendency for a decrease in blood eosinophil numbers among omalizumab responder patients. In contrast, there was a slight increase in eosinophil numbers in non-responders during the same follow-up period. The responsiveness to omalizumab might be related to the reduction in the numbers of eosinophils, and non-responsiveness may be related with the lack of efficacy of omalizumab in the extensive eosinophilic infiltration derived from the Th2 response and different sources (1) . However, we could not found a statistical significance either in increases or in decreases in the eosinophil counts within the groups. The limited number of patients prevents us from speculating on that issue. The immunopathogenesis of EGPA is still poorly understood, and large and long-term studies would be appropriate to determine the mechanistic role of omalizumab in patients with EGPA. Systemic steroids are the cornerstone of EGPA treatment. They are combined with immune-suppressants such as cyclophosphamide and azathioprine, when necessary, as steroid-sparing agents. Persistent asthma is a major problem for patients with EGPA and exacerbations can occur repeatedly throughout the disease course, especially when the prednisone dosage is lower than 10 mg/day, thus leading to the concern for steroid-associated adverse reactions [1, 2, 19, [24] [25] [26] . A glucocorticoid-sparing effect of omalizumab has been reported in patients with severe allergic asthma [4] , patients with nonallergic asthma, and ABPA [5, 13, 14] . In our trial, all patients were on mean dosage of 15.77 ± 7.6 mg methylprednisolone as daily bases for a mean 8.61 ± 4 years besides high-dose ICS-LABA and other controller medications for the management of EGPA. They had osteoporosis, obesity, diabetes mellitus, and steroid acnes as common steroid-induced adverse effects. As reported previously [11] , omalizumab seemed to work as a steroid-sparing agent in all patients in our group, and the daily OCS dosage was reduced to 6.28 mg/day at the end of the first year. This decrease in the prednisolone dosage is a substantial clinical benefit when the adverse effects of long-term steroid treatment are considered. In 4 out of 8 patients with vasculitis, vasculitis flared when the steroid dosage was reduced. Azathioprine was added to omalizumab in only 5 patients as a glucocorticoid-sparing agent or treatment of cutaneous vasculitis.
The diagnosis of EGPA can be challenging because there is a lack of agreement on the diagnostic criteria, which usually relies on the characteristics of clinical manifestations and ANCA when present. We used the diagnostic criteria of ACR, the most commonly used criteria because they have been used in previous studies evaluating the effect of omalizumab in EGPA [8, 9, 11, 15] . There may be 2 EGPA phenotypes depending on the presence or absence of ANCA: The vasculitic and ANCA-positive phenotype, characterized by small vessel vasculitic features such as purpura, mono neuritis multiplex, glomerulonephritis, and the eosinophilic, ANCA-negative phenotype, characterized by peripheral eosinophilia and eosinophilic tissue infiltration (e.g., pulmonary infiltrates, cardiomyopathy) [2, 17, 19, 24, [27] [28] [29] . Our study group mostly comprised ANCA-negative patients, with only 2 ANCA-positive subjects (#6, 11). One of these ANCA-positive patients also had polyneuropathy in addition to pulmonary involvement. All ANCA-negative patients had pulmonary involvement and half had cutaneusvasculitis in the skin biopsy, 3 had polyneuropathy and two had cardiac involvement. Skin was the second most common organ involved in the EGPA presentation in our group. EGPA which is ANCA positive is predominantly in vasculitic from whereas eosinophilic tissue involvement is predominant in ANCA negative ones. Confirming this with future studies may provide inddividualization of treatment [24, 28, 30] . In our series, none of the patients with vasculitis had ANCA positivity; however, the number of subjects in our study group was limited.
Clinically, 3 distinct phases in the development of EGPA have been shown. These include (a) the prodromal period, which may persist for several years, consisting of asthma and allergic rhinitis; (b) a phase of marked peripheral blood eosinophilia and eosinophil tissue infiltrates; (c) and a life-threatening vasculitic phase [2, 31] . The first 2 prevasculitic phases are characterized by marked tissue eosinophilia, which manifests in the lung as eosinophilic pneumonia [32] . In our study, 8 patients had vasculitis shown by skin biopsy.The remaining patients were in the pre-vasculitic phases. Accordingly, migratory infiltration indicating pulmonary eosinophilic involvement was demonstrated using high-resolution computed tomography (HRCT) in all patients, along with increased peripheral eosinophilia, suggesting that most of our patients were in pre vasculitic phase.
The study had limitations such as the retrospective nature and the small number of subjects without a control group. However, there are only case reports and case series reported and only one multicenter study with 17 patients with EGPA and no controls [11] . To the best of our knowledge, as a single center, we had the largest number of patients with EGPA. Furthermore, off-label use of omalizumab in such patients is a limiting factor for conducting studies with larger numbers of patients. We used the patients' own data before treatment with omalizumab as a comparison. However, incomplete data may have been obtained regarding doses of OCS due to self-managing dosing by patients and/or concomitant primary care prescribing and further supplies from admissions at other hospitals and/or emergency units. For the pre-omalizumab course, we made assumptions regarding the typical use of steroids for exacerbations in our country, which starts with a 40 mg dose of methyl prednisolone and the dose is then tapered to 8 mg at 3-day intervals for 15 days, when we could not obtain clear information. We believe that we had more accurate data about the doses of OCS because the patients were monitored more closely during the post-omalizumab period.
On the other hand, the study had some advantages such as the long follow-up period, which had a mean of 39 months. The longest follow up in the literature was a median 22 months in the multicenter study [11] . For the remaining cases series, data were reported for 3-12 months of treatment with omalizumab [8] [9] [10] 33] . Therefore, we believe that it is important to see the long-term effects of omalizumab in this disease, which has complex underlying immunopathogenesis.
Conclusions
EGPA is a heterogeneous disease with several endotypes. This study indicates that omalizumab improved asthma control in some patients with EGPA with uncontrolled asthma by reducing asthma exacerbations and doses of oral steroids. However, more data are needed before recommending the use of omalizumab in patients with EGPA. 
